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Introduction 

In the primary wall of monocotyledons, the cellulose micro¬ 
fibrils could be cross-linked with xylans by hydrogen bonds, 
but in dicotyledons, xyloglucans cross-link the microfibrils. 1 
We believe that the balanced dimensional stabilization 
of the wall is further attained by the formation of cross- 
linkages of both parenchymatous cells and xylem with 
dehydrated free sugars. The formation of cross-linkages 
could be reflected in both the dimensional stabilization and 
the increased elastic modulus, which occur in a similar 
manner after treating wood with formaldehyde. 2,3 Ketose 
(fructose and sorbose) and glucose could be easily dehy¬ 
drated to 5-hydroxymethyl-furfural and levoglucosan and 
be cross-linked in the presence of acid at temperatures 
higher than 80°C by further dehydration. 4 In the plant cell 
walls, some of the cell wall components or the pyrolytic 
products of smoke might catalyze their dehydration. Thus, 
these dehydrated derivatives could be further dehydrated 
to cross-link and condense to humines, with which fructose 
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and wall components are known to be highly reactive. 5 
This practical recycling of plant cell wall by-products 
could lead not only to a new era of wood production but 
also to decrease the C0 2 emissions that worsen global 
warming. 


Experimental 

Garlic bulbs were obtained at a market in Japan. Twenty 
four year-old oil palms were cut in Malaysia and their stems 
were used after they were left on the ground for 2 weeks. 
For preparation of “complementary” palm stem specimens, 
each specimen was extracted with distilled water under 
reduced pressure and thoroughly washed with water and 
then submerged in the exogenous sugar solution to make 
its content 5% of the total dry weight of each piece (5x3 
x 1cm). Next, the specimens were brought to 80% water 
content and smoke-heated at 110°C for 30 h. 

After filter paper was attached to the transversely cut 
garlic bulb or palm-stem waste, the paper was stained for 
fructose using the naphthoresorcinol method. 6 Free sugar 
was subjected to paper chromatography with 1-propanol/ 
ethyl acetate/water (3:2:1, v/v), after extraction of garlic or 
palm tissue with 70% ethanol and its mild acid hydrolysis 
with 0.01 M trifluoroacetic acid (pH 2.0) at 100°C for 15 min. 
Total sugar in each fraction was determined by the phenol- 
sulfuric acid method. 7 

For determination of swelling levels, ten pieces (1 x 1 x 
1 cm for garlic bulb and 3x3x1 cm for palm stem at dif¬ 
ferent regions) excised after treatment were used as speci¬ 
mens from smoke-heated samples. Specimens were brought 
to equilibrium with the relative vapor pressures of 22.2%, 
57.3%, 75.3%, or 100% in the presence of saturated solu¬ 
tions of potassium acetate, sodium bromine, sodium chlo¬ 
ride, or water in a desiccator at 25°C for 3 weeks. A powdered 
stem specimen (0.4 mg) was analyzed by pyrolytic gas chro¬ 
matography-mass spectrometry (GC-MS) on a TC-1 glass 
capillary column (0.25 x 30 m). To determine elasticity, ten 
stem pieces (3 x 3 x 1cm) were tested using a Shimadzu 
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Computermatic grading machine for bending under a 
central point load. 


Results and discussion 

Garlic (Allium sativum) bulbs contain large quantities of 
fructan (inulin), which is easily hydrolyzed to fructose and 
fructo-oligosaccharides estimated as over 5% fructose 
content on dry weight (Fig. 1A, B). 8 The paper chromato¬ 
graphic pattern of the hydrolyzate was shown after smoke 
heating for lh and 24 h. When garlic bulbs were placed in 
the oven and smoke-heated at 90°C, the bulbs smoke-heated 
for 24 h showed fewer signs of swelling after being allowed 
to equilibrate with a range of relative vapor pressures (Fig. 
1C). The sum of the tangential, radial, and longitudinal 
swelling varied widely for the air-dried specimens, but the 
variation was less for the smoke-heated specimens. 

The distribution of fructose on the transversely cut stem 
of waste oil palm (Elaeis guineensis ) stems is shown in 
Fig. 2A. The fructose content was relatively higher in the 
inner region, confirming claims made in a previous report 
by Mansor and Ahmad. 9 The fructo-oligosaccharides are 
quickly degraded to fructose and glucose when the palms 
are cut down, and can also be degraded to fructose and 
glucose by mild acid treatment (Fig. 2B). The amounts of 
free sugars were around 5% fructose and 1% glucose and 
inositol by dry weight. The smoke heat treatment caused a 
marked decrease in the amount of free sugars. 

In order to clarify the effects of free sugars on the dimen¬ 
sional stabilization of wasted palm stems, we prepared stem 
specimens in which the free sugars had been replaced with 
exogenous sugars, and we analyzed the specimens. The spec¬ 
imens were extracted with distilled water under reduced 
pressure by changing the water many times (the piece of 
stem was washed thoroughly with water) and submerged in 
a fructose solution, a sorbose solution, and a glucose solu¬ 
tion to induce a free sugar content of 5% of the total final 
dry weight. We called this the complementary specimen. By 
smoke heating after replacing the endogenous free sugars 
with exogenous sugars, the stems showed fewer signs of 
swelling after being allowed to equilibrate with a range of 
relative vapor pressures (Fig. 2C).The sum of the tangential, 
radial, and longitudinal swelling varied with the type of 
sugar used in the replacement. Smoke heating caused an 
increase in the Young’s modulus and maximum stress (Fig. 
2D), so that the mechanical properties of the stem speci¬ 
mens were close to those of the balsa. 10 Because fructose 
and sorbose are easily dehydrated to 5-hydroxymethyl- 
furfural and levoglucosan, leading to cross-linking by further 
dehydration in the presence of acid at temperatures higher 
than 80°C, n the replacement with the ketose (fructose and 
sorbose) was more effective than that with the aldose 
(glucose) in dimensional stabilization. 

Pyrolytic GC-MS of native stems (not fresh but without 
heating; partially air-dried stem material) revealed a broad 
peak between 120° and 130°C that consisted of a number 
of minor peaks (Fig. 2E, left panel). A peak at 124°C corre¬ 


sponded primarily to 5-hydroxymethyl-furfural ( m/z 127, 
126,109, and 97), and the peak at 125.5°C represented levo¬ 
glucosan ( m/z 144, 126, 98, and 73). 12 Neither the smoke- 
heated stem (see Fig. 2E, left “After”) nor the water-extracted 
stem (see Fig. 2E, right “Sugar free”) gave rise to any peaks 
between 120° and 130°C. After replacing the water-soluble 
components (the piece of stem was washed thoroughly with 
water) with fructose, the stem specimen produced the same 
broad peak between 120° and 130°C (see Fig. 2E, right 
panel). 

For smoke heating, each wasted oil palm stem (40-cm 
diameter) was placed in an oven and smoke-heated at 200°C 
for 3 days over burning oil palm leaf waste. The temperature 
of the stem rose to 98°C at 3 cm from the cortex and to 80°C 
at the center of the 38-cm trunk. The water content of the 
stem after the 3-day treatment was about 50% of that of the 
stem without the treatment. The presence of bark around 
the stem during smoke heating was required for stabiliza¬ 
tion of the wall structures. 13 When the temperature was 
lower than 200°C or the duration of treatment was 48 h or 
less, the flat-grain planks bent and shrank after subsequent 
drying (Fig. 3A, right). Dimensional stabilization was 
observed to a greater degree when heating thinly sliced 
stems (Fig. 3B, C). The vertical-longitudinal-grain boards 
bent (Fig. 3B, center and right) and the vertical-tangential- 
grain boards shrank and cracked after heating (Fig. 3C, 
center and right). It is necessary to adjust the heating tem¬ 
perature and heating period for each plant cell wall by 
smoke heating. 

The smoke arising from burning waste plant leaf and 
stem contains pyrolytic products including formic acid, phe¬ 
nolic substances, and soot, which could be introduced into 
the stem via the cut surface concomitant with the evapora¬ 
tion of water. In this way, smoking could contribute directly 
to the dimensional stabilization of the cell walls for garlic 
bulb and palm stem, although the general mechanism 
underlying this dimensional stability remains unknown. It 
should be noted that dimensional stabilization could not be 
achieved by steaming, such as by the kiln-drying method. 14 

Huge amounts of plant cell wall material are wasted 
worldwide, and the cell walls are eventually converted to 
carbon dioxide that is released into the atmosphere. South¬ 
east Asia is one of the most highly productive places for 
biomass on earth. Malaysia and Indonesia are major pro¬ 
ducers of oil palms, which are harvested and replanted in 
25-year cycles. Because no use has been devised for the oil 
palm stem waste, a huge amount of waste (about 8.5 million 
carbon tons per year in Malaysia and Indonesia) is either 
cut into pieces and placed atop soil to be degraded by bac¬ 
teria and fungi or is burned for quick disposal. We believe 
that the proposed method is sustainable, although wooden 
materials including waste oil palm stems can be obtained 
without oil and may be used in other applications, such as 
replacements for conventional plastics. 
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Fig. 1A-C. Sugar analysis of a garlic bulb. A In situ fructose staining 
of a garlic bulb. Bar 1 cm. B Soluble sugar analysis of the garlic bulb: 
1, bulb tissue attached; 2, bulb tissue attached after smoke heating for 
lh; 3, bulb tissue attached after smoke heating for 24 h. Fru, Fructose; 
Sue, sucrose. C Swelling of garlic bulbs after smoke heating. Filled 
symbols, smoke-heated garlic bulbs; open symbols, air-dried garlic 
bulbs. The values represent the means of five bulb samples with less 
than 8% variation 
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Fig. 2A-E. Sugar analysis of palm stem. A In situ fructose staining 
of a stem. A transversely cut stem (left) stained for fructose (right). 
Bar 10 cm. B Free-sugar analysis of palm stems: St, authentic sugars; 
1, soluble sugar; 2, soluble sugar after mild acid hydrolysis; 3, soluble 
sugar from smoke-heated stems; Glc, glucose. After paper chromatog¬ 
raphy, fructose was stained. C Swelling of the stems after smoke heating. 
The values represent the means of ten stem samples with less than 5% 
variation. D Maximum stress and Young’s modulus of the stems after 
smoke heating. E Pyrolysis products of the palm stem. The panels show 
native stem specimens, before and after smoke heating (left); and com¬ 
plementary stem specimens, before and after replacement with fructose 
(right) 


Fig. 3A-C. Effects of smoke heating on palm stems. A Flat-grain 
planks (radial, tangential, and longitudinal lengths: 30, 200, and 
60 mm, respectively) after (left panel) and during (right panel) smoke 
heating. B Vertical-longitudinal-grain boards (radial, tangential, and 
longitudinal lengths: 150, 4, and 40 mm, respectively) after, during, 
and before smoke heating (left to right, respectively). C Vertical- 
tangential-grain boards (radial, tangential, and longitudinal lengths: 
150, 30, and 4 mm, respectively) after, during, and before smoke 
heating (left to right, respectively). Bars A 3 cm, B 2cm, C 4cm 
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